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Anisotropically wetting substrates enable useful control of droplet behavior across a range of
useful wetting applications. Usually, these involve chemically or physically patterning the substrate
surface, or applying gradients in properties like temperature or electrical field. Here, we show that
a flat, uniform, stretched, soft substrate also exhibits asymmetric wetting, both in terms of how
droplets slide and in their static shape. Droplet dynamics are strongly affected by stretch: glycerol
droplets on silicone substrates with a 23% stretch slide 70% faster in the direction parallel to the
applied stretch than in the perpendicular direction. Contrary to classical wetting theory, static
droplets in equilibrium take the shape of ellipsoids, oriented parallel to the stretch direction. Both
effects arise from droplet-induced deformations of the substrate near the contact line.
While common surfaces have wetting responses that
are direction-independent, nature has evolved a large va-
riety of anisotropic surfaces that provide novel function-
ality. For example, desert beetles in arid climates use
hydrophilic/hydrophobic patterns on their backs to col-
lect dew [1], while spider webs perform a similar task with
anisotropic fibres [2], and butterflies have anisotropically
patterned wings that promote droplet run-off in certain
directions [3].
Inspired by these natural phenomena, a variety of ap-
proaches to engineer anisotropic surfaces have been in-
troduced [4]. Their applications include precise droplet
control in microfluidics [5], novel surface coatings with
unusual wetting properties [6], and water collection [7].
Such anisotropically-wetting surfaces can be made via
a variety of methods. Surfaces can be chemically pat-
terned with surface-energy gradients to drive droplets
from high to low energy regions [8] or with stripes and
other patterns to cause asymmetric spreading and pin-
ning of droplets [9]. Similarly, micro-patterning surfaces
with bumps, pillars, or various other features also drive
the same phenomena [10–12].
All these surfaces involve significant efforts in fabri-
cation. Alternatively, recent studies have shown that
asymmetric wetting can be induced on free-standing thin
elastic sheets through stretching [13, 14]. These mem-
branes, with a thickness . O(1 µm), are much thin-
ner than the droplet radii. Droplet surface tension
strongly deforms the sheet, whose thickness-integrated
elastic stresses mimic anisotropic surface stresses [15]. As
a result, static droplets acquire non-spherical shapes that
reflect the underlying state of stress of the membrane.
Here we show that droplets anisotropically wet slabs
of soft material that have been uniformly stretched, even
when they are much smaller than the substrate thick-
ness. Not only do droplets have non-spherical equilib-
rium shapes, but they also respond anisotropically to
applied forces, sliding faster in one direction than an-
other. These effects contradict the foundational theories
of wetting, including Young’s Law. We show that they
are governed by microscopic substrate deformations lo-
calized to the contact line (e.g. [16–18]) that respond
anisotropically to stretch.
We study the effect of strain on wetting behavior by
investigating the behavior of glycerol droplets on soft,
1.0mm thick, silicone gels (CY52-276, Dow Corning) with
a Young’s modulus of E = 6kPa. In equilibrium, on the
unstretched substrate, these droplets have a macroscopic
contact angle 95◦ [17]. We cut narrow strips from the
substrate and uniaxially stretch these on a home-built
stretching device. To ensure complete flatness, which we
verify with interferometry in the Supplement, we placed
sections of 1mm-diameter glass capillaries on the surface
of the gel to suppress residual, longitudinal wrinkles (c.f.
Figure 1). Strain, , was calculated either from imaging
markings on the samples or from the displacement of the
stretching device.
Droplets slide faster in the direction of applied stretch,
as shown in Figure 1a. Here 5μL glycerol droplets slide
along a vertical substrate with a uniaxial stretch of 23%,
oriented either parallel (red) or perpendicular (purple)
to gravity. This experiment was for 7-9 droplets in each
orientation and the average trajectories are plotted in
Figure 1b. Droplets sliding parallel to the stretch direc-
tion are 70% faster than those sliding perpendicular to
the stretch direction. Interestingly, they also have clearly
different shapes, with the faster droplets appearing to
have a marked asymmetry between trailing and leading
edges. Thus, moving millimetric droplets are sensitive to
underlying stretch of soft materials.
The static shape of droplets is also sensitive to sub-
strate deformation. Droplets tend to elongate in the di-
rection of applied stretch, as shown in in Figure 2a,b.
There images of two differently-sized droplets before
and after  = 50% stretch are imaged with conven-
tional brightfield and interference microscopy. In the
unstretched case, droplets all remain completely circu-
lar, while in the stretched case, there is a small elon-
gation along the stretch direction. While the effect is
subtle in brightfield, there is a stark difference when the
same droplets are imaged with an interferometric objec-
tive (bottom row), which shows changes to the substrate
profile around the droplets. In the unstretched case, the
interferometry fringes around the droplets are essentially
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FIG. 1: Droplet dynamics depend on the underlying stretch.
a) Droplets sliding parallel to the stretch (red) direction move
faster than those sliding in the perpendicular (purple) direc-
tion and have clearly different shapes. b) Measured droplet
positions vs time for sliding in the two different directions.
This shows the average for 9 droplets sliding parallel to stretch
and 7 droplets sliding perpendicular to stretch.  = 23%.
Shaded areas indicate one standard deviation to either side of
the average.
symmetric and angle-independent (the top-left/bottom-
right asymmetry results from a slight tilt of the sub-
strate). However, in the stretched case, we see a strongly
asymmetric, lobed pattern that extends perpendicular to
the stretch direction.
Stretch-induced changes of shape could be a result of
contact-line pinning or more subtle contact-angle hys-
teresis. Throughout this manuscript, for static equilib-
rium measurements, we minimize these possible effects
by allowing droplets to equilibrate for at least one hour
after deposition or stretching. Now, we completely rule
out such hysteretic effects by comparing the final shape
of droplets that are applied to the substrate before and
after it is stretched, as shown in Figure 2c. We quantify
droplet shape by plotting the difference between the long
and short axis lengths of droplets, l−w, versus the aver-
age droplet radius, (l+w)/2, for over 1400 droplets. The
shapes of droplets deposited before stretch (green) are
identical to those deposited after stretch (yellow). This
shows that that there is essentially no hysteresis at these
timescales on this substrate, in agreement with previ-
ous observations [19]. In both cases, the long axis of the
droplet is always aligned with the the direction of stretch,
as shown in the inset of Figure 2c.
This droplet-stretching behavior is limited to sub-
strates with very low elastic moduli. We compare the
shapes of droplets on the soft silicone with droplets on a
1.1mm-thick slab of much stiffer silicone (E = 333kPa,
made following [20]), as shown in Figure 2d. While over
600 droplets on the soft substrate at  = 20%, navy blue,
show a pronounced increase of anisotropy with size, 345
droplets on the stiff substrate at a slightly larger strain of
 = 23%, purple, show no systematic variation in shape,
with most of the recorded values of l − w falling below
the resolution of the imaging system. Indeed, the shapes
of droplets on stretched stiff substrates are indistinguish-
able from those on unstretched, soft ones, shown in red.
This is consistent with previous reports, which found no
observable change to droplet shape when placed on stiffer
substrates with different stretches [21].
These results suggest that the equilibrium shape of
droplets on soft substrates depends on their size and the
applied strain. To that end, we quantified the shapes
of over 2150 droplets from 2 to 40 μm in radius over a
range of uniaxial strains from 9-65%, as shown in Figure
2e. As seen previously, l − w always increases monoton-
ically with droplet size with the long axis of the droplet
aligned with the stretch direction (see inset). For smaller
droplets, the asymmetry, (l − w), increases linearly with
the droplet size. Equivalently, small droplets on the same
applied stretch all have the same aspect ratio, l/w. At
larger strains, the asymmetry increases more slowly with
droplet size and the the droplets become more circular
(i.e. l/w → 1). This trend is identical for all non-zero
strains, as highlighted in Figure 2f. There each data set
is normalized by the slope, α of the small-droplet data
(radius < 20μm). Not only does this collapse the data
onto a single curve for the small droplets, as it must, but
it also collapses the transition to sublinear behavior for
large droplets. This suggests a shift in the underlying
physics occurring at a characteristic lengthscale around
30 μm. Note that scale factor α is not simply propor-
tional to the applied strain,  (see the inset). Thus the
droplet reponse is not linear, and scaling the asymmetry
by the applied strain, as in [22], is insufficient to collapse
the data.
In the above results, we focused our analysis on the
shape of droplet footprints. As these are non-circular,
they suggest that the droplet itself should be aspherical.
We confirm this using white-light profilometry, a tech-
nique which accurately measures the top of the droplet
and the surface outside the contact line. This technique
fails when the surface slope is too large, so it does not
capture the steep sides of the droplet or the tip of the wet-
ting ridge. Figure 3a shows the topography of the top of
a droplet on a substrate with a stretch of  = 50%. This
is not completely spherical, as shown in Figure 3b, which
gives the deviation of this data from a best-fit sphere.
This has a saddle-shaped profile, consistent with a larger
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FIG. 2: Droplet shapes become elliptical on soft, stretched substrates. a,b) Brightfield (top) and interferometry (bottom)
images for two droplets of different sizes, when the substrate is relaxed (left) and after 50% stretch (right). The stretch direction
is indicated by the arrows. c) There is no observable contact line hysteresis for droplets. Droplets are the same shape regardless
of whether they are applied to a soft, stretched substrate before it is stretched (green) or after (yellow). The inset histograms
show the alignment of droplets with the stretch direction. d) Droplets are essentially round (to pixel resolution) on unstretched,
soft silicone (red circles) and stretched, stiff silicone (purple diamonds). The blue data shows droplet shapes on soft silicone
with a similar stretch for comparison. e) l − w for glycerol droplets on soft silicone substrates increases with droplet size and
stretch. The inset histograms show the alignment of droplets with the stretch direction. f) The data from e) collapses onto a
single curve, when each data set is divided by the average slope, α, of the data for (l + w)/2 < 20μm. The inset shows this
collapse parameter α as a function of .
radius of curvature, Rc in the stretch direction. Indeed,
when we fit circles through the cap at different angles,
φ, to the stretch direction and plot their radius (Figure
3c), we see that Rc(φ) is periodic and several microns
larger when parallel to stretch than in the perpendicular
direction. Thus, the droplet is ellipsoidal.
The ellipsoidal shape of the droplet is also consistent
with its elliptical footprint. In Figure 3d, we plot the
height profile data through the top of the droplet parallel
and perpendicular to the stretch direction (green/purple
data respectively). We also show the fitted circles with
R|| = 59.7 ± 0.6μm and R⊥ = 55.7 ± 0.6μm. Taking
l = 2R|| and w = 2R⊥, gives a value of l − w = 8.0μm,
which is close to the recorded ellipticities for similar sized
droplets at comparable stretches in Figure 2e. Addition-
ally, when we extrapolate the fitted circles from the top of
the droplet towards the contact line, they match well with
the substrate profile just outside the droplet, as shown
in the inset to Figure 3d. The difference in radii of cur-
vature implies that there is a difference in the apparent
contact angle parallel and perpendicular to the stretch di-
rections. However, for the values here (and thus for most
combinations of droplet size and stretch), this would be
. 2◦ and thus too small to reliably detect with typical
setups. Thus, it is not surprising that previous measure-
ments of contact angles on larger droplets did not observe
any dependence on substrate deformation [21, 23].
The classical theory of wetting for flat, uniform sur-
faces (i.e. Young-Dupre´) only depends on scalar sur-
face energies. Even if the surface energy were strain-
dependent, it would still predict circular contact lines. A
clue to the missing physics is given in Figure 2f, where
the transition away from a constant aspect-ratio regime
always happens at the same lengthscale, independent of
. This is the hallmark of an elastocapillary effect [24].
Elastocapillary phenomena are characterized by a shift in
behavior around one of the elastocapillary lengths, Υ/E
or γlv/E, where Υ is the solid’s surface stress and γlv is
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FIG. 3: White-light interferometry measurements show that
droplets are not spherical. We measure the shape of a droplet
on a substrate with a 50± 10% stretch. a) The top profile of
the droplet. b) The same data after a best-fit spherical profile
is subtracted gives a saddle shape. c) The radius of curvature,
Rc), through the top of the droplet at different angles to the
stretch direction. The red curve is a best fit to the data
of a sinusoidal function with period pi. d) Profiles through
the droplet parallel (green) and perpendicular (purple) to the
stretch direction. Dashed curves are fitted circles through the
data at the top of the droplet. These fitted circles match
with the contact line data (see inset), suggesting that they
represent the droplet shape accurately. The shaded region
around the fitted circles represent the uncertainty in the fits.
the droplet’s surface tension (e.g. [24–28]). For our soft
substrates, these lengthscales are O(10 μm) [17]. Below
this lengthscale, we generically expect surface properties
to dominate behavior over bulk elasticity.
In the limit of small droplets, we therefore expect
droplet shape to be determined by a balance between the
surface stresses of the substrate, and the surface tension
of the droplet. If the surface stresses are strain inde-
pendent and thus isotropic, we would expect droplets to
remain spherical. However, if surface stresses are strain-
dependent, as reported in [23, 29], we would expect be-
havior like that of a droplet on a stretched, elastic mem-
brane. In that case, droplets elongate and align with the
stretch direction [14], as we see in the small-droplet limit
of our experiments. In the limit of large droplets, much
bigger than the elastocapillary lengthscale, we expect to
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FIG. 4: The surface profile under a droplet on a stretched
substrate is very asymmetric. We use confocal microscopy to
measure the height profile of fluorescent nanobeads that are
attached to the surface of the silicone gel under a glycerol
droplet. Points indicate the measured bead positions, while
the color is an interpolated surface profile. Here,  ≈ 70%.
recover the classical wetting behavior of Young-Dupre´,
and so droplet asymmetry should vanish. This is consis-
tent with the lack of asymmetry of droplets on the stiffer
substrate in Figure 2d, where the elastocapillary lengths
are of order O(100 nm).
Elastocapillary effects revolve around substrate defor-
mations. Thus, if droplet elongation is elastocapillary
in origin, we expect anisotropic substrate deformations
around the droplet. This is hinted at by the interfer-
ometry images in Figure 2a, but is properly visualized
via confocal measurements of the surface profile under
the droplet, as in Figure 4. This clearly shows the wet-
ting ridge at the contact line and how it is significantly
shorter in the direction of the applied  ≈ 70% uniaxial
stretch. A similar anisotropy of the wetting ridge was
previously reported [23], and attributed to the presence
of a strain-dependent surface stress of the substrate.
This ridge anisotropy likely underlies the asymmetric
droplet shapes. Previous work has shown that the pres-
ence of a wetting ridge reduces the energy of a droplet,
much like a negative line tension, predominantly by cov-
ering up droplet surface area [30]. Taller ridges lower the
energy more, so a droplet will extend in the direction of
stretch, as then a larger fraction of its contact line will
feature a taller wetting ridge.
Wetting ridge anisotropy could also explain droplets’
anisotropic motion. Previous studies of droplet sliding on
soft substrates found that viscoelastic dissipation within
the wetting ridge is rate limiting [31–34]. Simply stated,
taller ridges dissipate more energy, so droplets travel
5more slowly. Since we observe both faster droplet motion
(Figure 1) and shorter wetting ridges (Figure 4) in the
direction of applied stretch, we suspect that asymmetric
viscoelastic dissipation underlies the observed differences
in droplet speed.
In conclusion, we have shown that a simple, flat, soft,
stretched substrates show asymmetric wetting, with a
particularly strong effect on wetting dynamics. This
is significant, as most asymmetrically-wetting substrates
are significantly more complex. Substrate stretch could
represent a novel approach to droplet control, that can be
easily tuned in situ. Thus, it could modulate processes
including adhesion [35], condensation [36], and coales-
cence [37], and drive movement along strain gradients
(c.f. [38]).
Our observations cannot be explained with a classi-
cal, macroscopic description of wetting. Instead they are
elastocapillary phenomena, driven by microscopic, asym-
metric deformations of the substrate under droplets. De-
spite recent progress in theory, there is still no consensus
on how macroscopic stresses couple to elastocapillary de-
formations. One school of thought proposes that strain-
dependent surface stresses play a vital role [23, 29, 39, 40].
Alternatively, recent work has proposed that nonlinear
focusing of bulk stresses at contact lines control the defor-
mations [41]. We hope that a theoretical analysis of these
new experimental results will pinpoint the key physics.
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